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ABSTRACT

Over a three-year period (September 1973-April 1976), water was sampled from a 
1262 m-deep research borehole drilled to penetrate the hydrothermal convection cell above 
Kilauea's summit magma reservoir, the top of which lies 2-4 km below the surface. After 
a hiatus of 15 years, two additional samples were collected in August-September 1991. 
Nearly all of the samples were collected within about 30 m of the top of the water column 

(~ 488 m below ground surface), most from the uppermost 2 m; post-drilling attempts to 
collect deeper, hotter samples were unsuccessful. To allow dissipation of drilling-induced 
disturbance, sampling was not initiated until early September 1973, nearly two months 
after well completion. Chemical data indicate that the summit-borehole waters have a 
distinctive chemical signature low proportion of chloride relative to other anions when 
compared with thermal waters from Kilauea's lower east-rift zone as well as with non- 
thermal waters of the Hawaiian Islands.

The analytical data demonstrate both short-term (days to weeks) and longer term 
(months to years) temporal variations. A sample collected two days after 37 cm of rain had 
fallen in a three-day period showed significant dilution of nearly all ion concentrations, 
which then recovered to pre-heavy-rainfall levels within < ~ 2.5 months. Samples 
collected in the 1973-74 period are Na-sulfate-dominant, but samples collected after July^ 
1975 are (Mg+Ca) bicarbonate-dominant. This compositional shift is abrupt and associated^ 
with an increase in the partial pressure of CO2 (PcOi) accompanying the eruptive and 
intrusive activity on 31 December 1974, the most voluminous event affecting the southwest 
rift zone of Kilauea since 1919. Following the initial sharp increase, the Pcoathen 

decreased, approaching pre-eruption values with the sampling in April 1976.

Beginning in mid-1975, solute concentrations of the borehole waters decreased 
sharply, from about 45 meq/L to less than 25 meq/L in only 8 months. This rapid decline 
cannot be explained by dilution effects because rainfall during the period was not unusually 
high. The observed trend may simply reflect the decreasing availability of the easily 
leachable alkalis and 864, which originated in sublimates and encrustations along fractures 
and in cavities. By 1991, total solute concentrations had decreased to < 17 meq/L.

The overall chemistry of the summit-borehole waters is largely determined by 
weathering of host tholeiitic basalts on a geologic time scale. However, the temporal 
variations observed over the three-year sampling period reflect shorter term perturbations 
related to variations in rainfall/recharge, volcanic activity/degassing, and the availability of 
leachable materials along the water-flow path, which in turn is influenced by fracture 
processes associated with seismicity and deformation acting on the volcanic edifice.



INTRODUCTION
Kilauea, on the Island of Hawaii (Fig. 1), is the one of the most active volcanoes in 

the world (Tilling and Dvorak, 1993). It and its much larger neighbor, Mauna Loa, are 
among the Earth's best examples of intraplate shield volcanoes, constructed by countless 
outpourings of fluid basaltic (tholeiitic) lavas that travel great distances from the eruptive 
vents.

Volcanic setting
According to the now generally accepted plate-tectonics theory, Hawaiian 

volcanism is attributed to magma generation and ascent as the Pacific lithospheric plate 
drifts over a fixed or, at least much slower moving, melting anomaly ("Hawaiian hot spot") 
in the asthenosphere (e.g., Wilson, 1963; Dalrymple and others, 1973; McDougall, 1979; 
Clague and Dalrymple, 1987, 1989). Progressive movement, first northerly then 
northwesterly, of the Pacific plate for more than 75 million years has left a 6,000-km-long 
trail of volcanoes the Hawaiian Ridge-Emperor Seamounts across the Pacific seafloor, 
as each volcano was successively severed from the magma-feeding "hot spot" and a new 
volcano grew over it. According to this model, the currently active Hawaiian volcanoes  
Kilauea, Mauna Loa, and also perhaps Loihi, the submarine volcano about 30 miles off the 
south coast of Hawaii are still tapping the "hot spot." Abundant studies have shown that 
all eruptions or intrusion at Kilauea, whether within the caldera or along its rift zones, are^ 
fed by magma that pass through a shallow summit reservoir, the top of which lies 2-4 km 
beneath the surface. The current activity of Kilauea on its east rift zone (Fig. 1), which 
began in January 1983 and continues as of this writing (January 1995), constitutes the 

longest Hawaiian rift eruption in historical time (Wolfe, 1988; Moulds and others, 1990; 
Heliker and Wright, 1991; Mattox, 1993; GVN, 1994).

Summary of drilling studies
In February 1972, George V. Keller (Department of Geophysics, Colorado School 

of Mines) submitted a proposal to the National Science Foundation (NSF) to drill a 
research borehole to study the hydrothermal convection cell above the magma reservoir of 
Kilauea Volcano, Hawaii. This proposal was funded, and during the period 6 April-9 July 
1973 a 1262-m (4137-ft) deep hole (19° 23.7' N, 155° 13.3') was drilled at the summit of 
the volcano. The hole, at an elevation of 1103 m (derrick floor), is within the southwestern 
part of the discontinuous, concentric caldera fault zone, next to the uppermost part of 
Kilauea's southwest-rift zone (SWRZ) (Fig. 1). The siting of the borehole, 1.1 km south 

of Halemaumau Crater (Fig. 2), was determined by the spatial association of the following 
seismic and other geophysical manifestations (Keller and others, 1979): 1) loci of
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Fig. 1. Index map showing the Island of Hawaii, Kilauea and its rift zones, 
Mauna Loa, and the submarine active volcano Loihi (modified from Tilling 
and Dvorak, 1993); these three active volcanoes are inferred to overlie the 
contemporary "Hawaiian hot spot." Kilauea's continuing east-rift eruption, 
which began in January 1983, is centered at Pu'u O'o-Kupaianaha. The 
location of the research borehole at the summit of Kilauea is indicated by 
the X (see Fig. 2 for details).
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Fig. 2. Detailed location map of the summit borehole (X), relative to some 
major nested boundary faults of Kilauea caldera, Halemaumau Crater on 
the caldera floor, and the vent fissures of the 31 December 1974 eruption.

2b



frequent, intense shallow seismicity; 2) area commonly exhibiting maximum ground 

displacements (i.e., "inflation-deflation" centers); 3) zone of low resistivity (< 20 ohm- 
meters) at shallow depth (Keller and others, 1979, Fig. 2); and 4) a positive self-potential 
anomaly of > 0.5 volts. Collectively, these manifestations provide evidence for, and 
constrain the location of, a shallow magma reservoir beneath Kilauea summit.

A standard rotary rig and water-base drilling mud (bentonite) were used to drill the 
hole; because of high permeability of some of the rock penetrated, circulation of drilling 
mud was never attained and neither were any cuttings returned (Zablocki and others, 

1974). However, limited, but generally successful, coring of selected intervals throughout 
the entire depth of the hole was accomplished, and about 47 meters of core were recovered. 
Study of the cored samples showed them all to be flows or, less commonly, sills of olivine 
tholeiite, generally similar in composition to rocks of the Uwekahuna Bluff section of the 
Kilauea caldera wall studied by Casadevall and Dzurisin (1987). The top of standing water 
in the hole, assumed to mark the local water table, was at 488 ± 2 m (below ground 
surface) during the 1973-1976 period; geophysical in-hole logging data indicated that the 
rocks were fully water saturated below the ~ 488-m level. Resistivity cross sections 
derived from Schlumberger-geoelectrical soundings illustrate that the water level within the 
drill hole coincides with the regional high-level water table (Jackson and Kauahikaua, 
1990; Jackson and Lenat, 1989). Core samples above the water table are essentially 
unaltered, whereas samples below the water table contain varying amounts of alteration 
products (e.g., calcite, clay minerals, silica, zeolites) lining or filling vesicles and cracks. 
Reconnaissance study suggests that the degree of alteration increases slightly with depth 
(Keller and others, 1979). To date, however, no systematic petrologic-geochemical 
investigation has been made of the alteration minerals, nor of their host olivine tholeiites, 
encountered in the drill hole.

Temperaturre data obtained for the summit drill hole and their implications for 
Kilauea's geothermal system are not the focus of this study, but we summarize below the 

limited information available. Measurements made during and following the drilling 
indicate an upper convective regime and a lower conductive regime, reaching a maximum 
temperature of 137 °C at hole bottom (Fig. 3A). The temperature reversal observed for the 
725 - 950 m depth interval in the convective regime is interpreted to be due to cooling by 
descending cool waters, which in turn implies that the 500 - 725 m interval reflects an 
upwelling tongue of warm water (Keller and others, 1979). The conductive thermal 

gradient for the lowest 200 meters of the hole is about 370 °C/km, which, if persists or 

increases with depth, would yield magma temperatures at a depth of ~ 4 km, within the 2-4 
km depth interval indicated for the top of Kilauea's magma reservoir by seismic and
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bottom (Fig. 3B). All but two of the samples analyzed in this study were collected 
from the horizon about 2 m below the water table (see text).

3a



geodetic data (Zablocki and others, 1974; Keller and others, 1979). The main mass of the 
magma reservoir is located between 4-7 km (Kauahikaua, 1993; Rowan and Clayton, 
1993; Tilling and Dvorak, 1993). The Measurements also indicate that by early August 
1973 about 24 days after cessation of drilling (9 July) temperatures in the hole had 
stabilized (Fig. 3B; Keller and others, 1979, Fig. 15), suggesting a close approach to 
thermal equilibrium after drilling disturbance. Presently available temperature data are 

inadequate to indicate the presence or lack of a deeper, perhaps hotter zone of hydrothermal 
convection below the conductive regime (R.O. Fournier, 1993, written communication).

Additional preliminary results of the drilling and related studies are given in the 
following works and/or pertinent references contained therein: Murray (1974), Keller 
(1974), Keller and others (1974a,b; 1976; 1979), Zablocki and others (1976), and 
McMurtry and others (1977). Staff members of the U.S. Geological Survey's (USGS) 

Hawaiian Volcano Observatory worked collaboratively with investigators from the 
Colorado School Mines during and following the drilling project Over a three-year period, 
beginning in September 1973 (a month after temperature stabilization in the hole), 15 water 
samples were collected (all but two by the USGS) from the borehole for chemical and 
isotopic analysis. Sampling was terminated in mid-1976 but resumed in summer of 1991 
as part of a project to acquire additional data preparatory to a new assessment of the 

geothermal resources of the Island of Hawaii.

Purpose and scope of present study
Although unrelated to the Colorado School of Mines 1972 proposal for drilling at 

Kilauea's summit, the Hawaii Geothermal Project, under the auspices of the University of 
Hawaii (Honolulu), was launched in 1972 to develop geothermal power on the Island of 
Hawaii. After preliminary geologic and geophysical studies to select a drill site, an 1,996- 
m-deep well (HGP-A) in Kilauea's lower east-rift zone (LERZ) was completed in April 

1976 (Shupe and others, 1978). A three mega-watt wellhead generator was installed at this 
site in 1981 and operated for eight years before it was shut down in December 1989. Since 

the early 1980s, interest in geothermal studies has remained strong, and a number of 
privately financed deep exploration wells and publicly funded scientific observation holes 
have been drilled in the LERZ (Thomas, 1987; Thomas and others, 1990; Olson and 

others, 1990; Olson and Deymonaz, 1992; Kauahikaua, 1993).
Given this continuing scientific and commercial interest in geothermal systems in 

Hawaii, it seems important to make better known a unique set of time-series data on the 

composition of water in the hydrothermal system enveloping Kilauea's summit magma 
reservoir. This reservoir is the ultimate source of magma intruded into the east rift zone
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that provides the heat source(s) for the geothermal system(s) there currently under intensive 
study. Bottom temperatures in the range of 200-362 °C have been encountered in six of the 
nine deep holes drilled into LERZ to date (Kauahikaua, 1993, Table 1).

To date, the summit borehole provides the only direct probe into the hydrothermal 
system associated with Kilauea's central magma reservoir. The purpose of this study is 
two-fold: (1) to analyze the recently released compositional data (Tilling and Jones, 1991a) 
on water above Kilauea's summit reservoir and other Hawaiian water samples collected in 
connection with the borehole study; and (2) to more fully consider a preliminary 
interpretation of the observed temporal variations in composition of the summit-borehole 
waters within a context of Kilauea's eruptive dynamics (Tilling and Jones, 1990,1991b).

Unfortunately, no data exist for the summit-borehole waters during the period May 
1976-July 1991. Thus, our focus is primarily on the time-series data for the period 1973- 
1976, but relevant information on the two samples collected in 1991 is considered as 
appropriate in our interpretation.

SAMPLING AND TEMPERATURE MEASUREMENT
In-hole thermistor temperature logs (Fig. 3) suggested that drilling-induced thermal 

disturbance of the summit borehole had largely, or possibly completely, dissipated by early 
August 1973, about a month after cessation of drilling on 9 July 1973. However, to allow 
additional time for more complete elimination of drilling effects, water sampling was not^ 
initiated until 4 September 1973, nearly two months after well completion. Except for two 
samples, all the waters from the borehole (Table 1) were collected by means of a cylindrical 
steel bucket (~ 8 cm I.D., - 60 cm length) attached to a steel cable of known length and 
marked at known depth intervals. The sampling bucket was lowered and raised manually 
by means of a sheave positioned near the borehole opening; Figure 4 shows a typical 
sampling configuration. All but two of the samples we analyzed were taken from a horizon 
about 2 m below the top of the water column (the local water table at ~ 488 m). Two 
samples numbers 50 and KBW-8 (Table 1) were obtained from a level about 30.5 m (~ 
100 ft) below the water table using a thief sampler; attempts to collect deeper and hotter 
samples failed because of mechanical difficulties. Borehole temperatures in a 4.5-m 
interval bracketing the water table, were measured by maximum-reading thermometers 
affixed to the cable and bucket (as shown in Figure 4) and are in accord with equilibrium 
in-hole thermistor temperature logs (Fig. 3). The temperatures for the 1973-1976 samples 
(70 - 83 °C) given in Appendix are the higher of readings registered by the two 
thermometers located immediately above and below the sampling bucket (Fig. 4).
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Several deep (946-1139 m) samples were obtained within two days (10-11 July

1973) after cessation of drilling by a Schlumberger "sidewall formation tester" (Keller,

1974), and partial chemical analyses (Ca, Mg, Na, K, Cl, F, Co) are available for some of 

them (Tilling and Jones, 1991a, Table 8). Though not measured, the temperatures for 

these samples probably would have been in the range of 60-75 °C., as constrained by the 

in-hole temperature data (Fig. 3A). While some constituents analyzed (Ca, Mg, Na, K, 

and Cl) for formation fluids tend to increase with depth, the range of variation for these 

elements (except Mg) is within the range observed for the entire suite of samples 

subsequently collected, beginning on 4 September 1973. This apparent variation with 

depth may simply reflect dilution by drilling fluids or higher level recharge. In any case, 

the compositions of these deep samples do not show any systematic differences from those 

for samples at the top of the water column (70-83 °C measured) given in Table 1; 

unfortunately, the partial analyses of these few deep, but poorly controlled, samples 

(representing a single point in time) contribute little to the understanding of the temporal 

compositional variations of shallower waters sampled subsequently.

After of a hiatus of 15 years, two waters samples were collected from the borehole 

in August and September of 1991 (GT24SI91 and GT35SI91) by Martha Scholl, Larry 

Mastin, and Steve E. Ingebritsen (USGS, Menlo Park) using methods similar to those 

described above. However, the top of the water column was encountered at about 466 m 

below ground surface, rather than ~ 488 m (Appendix) for the earlier samples, indicating 

an apparent rise in water level of ~ 20 m. Also, the temperature of the August 1991 sample 

(35.7 °C) was significantly lower than the 70-83 °C temperature range observed for the 

1973-1976 samples (Appendix). This decrease in temperature may reflect the cooling of 

the rising water as it encountered colder rock (Figs 3 and 4). The reason for the rise of 

water in the well is not understood. The rise in water level cannot be explained by ground 

deformation of the volcano, because geodetic measurements (unpublished data, Hawaiian 

Volcano Observatory) indicate that the net subsidence at borehole site over the 1976-1991 

interval amounted only to about 1 m. A possible mechanism requires a heating of the 

deeper hydro thermal convection cell since 1976, and the resulting decrease in water density 

would allow a higher water column. This explanation, while permissible, cannot be tested 

however, because no deep temperature profiles could be obtained after 23 August 1973 

(Fig. 3B) because of blockage in the hole. Another contributing factor may be the slow 

settling of the drilling mud from the water; as the mud settles out, the remaining fluid 

becomes less dense and should attain a higher level in the well to balance the pore-fluid 

pressure in the surrounding rock.
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To place the study of the summit-borehole waters in a regional context, we also 
analyzed thermal and non-thermal water samples collected at various other sites on Kilauea 
and neighboring Mauna Loa Volcano (Fig. 5). These samples include rainfall, perched 
water in shallow boreholes (< 111 m), water from drilled wells, water from intermittent 
streams, and water ponded in a permafrost crack (see Table 2). Descriptive information 
about the samples analyzed for this study (Tables 1 and 2) are given in the Appendix.

ANALYTICAL METHODS
Chemical analyses of the water samples collected after well completion (Tables 1 

and 2) were made at laboratories of the Water Resources Division (WRD), U.S. Geological 
Survey, located at Arlington and (later) Reston, Virginia (1973-1976 samples), or at Menlo 
Park (1991 samples), California, using techniques similar to those described in Skougstad 

and others (1979). Because the borehole was not flushed clean after cessation of drilling, 
all water samples collected during 1973-1976 from the summit borehole (Table 1) 
contained varying amounts of suspended drilling mud, which had to be filtered out prior to 
analysis; the August 1991 sample also contained mud but the September 1991 sample was 
essentially mud-free. Hydrogen and oxygen isotopic compositions of the 1973-76 samples 

were determined in WRD's stable-isotope laboratory (Arlington, Virginia), supervised by 
Tyler Coplen, by analytical techniques described in Coplen (1973). Isotopic compositions 
of the 1991 samples were determined in WRD Menlo Park (California) laboratory/ 
supervised by Carol Kendall, by procedures described in Kendall and Coplen (1985). In 
addition, selected minor and trace elements of several samples (water, drilling mud, 
slurries), collected during the drilling, were determined by instrumental neutron-activation 

analysis (INAA) at the USGS laboratory in Denver, Colorado, using techniques adapted 

from those outlined in Zielinski and others (1977) and in Dodge and others (1982). These 
data are considered here only to the limited extent they might bear on interpretation of the 
composition of post-drilling water samples, but are given in full in Tilling and Jones 
(1991a, Tables 5-8).

Hoping possibly to gain insights in addition to those from interpretation of the 
chemical analyses alone, we (Tilling and Jones, 1990) evaluated normative salt 

assemblages computed from selected analyses of Hawaiian waters using the SNORM 
computer program (Bodine and Jones, 1986; Jones and Bodine, 1987); the types and 
proportions of simple salts so computed are listed in Tilling and Jones (1991a, Tables 12- 
14). However, it turned out that both the raw analytical data and the SNORM salt 
assemblages demonstrated equally well the short-term and long-term temporal variations in 
the composition of the waters discussed below. In this paper, we consider only the raw
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analytical data; unless otherwise indicated, all data discussed or plotted in this paper are 
from Tilling and Jones (1991a).

COMPOSITION OF SUMMIT-BOREHOLE WATERS
The waters from the 1262-m-deep research borehole are unique in that they 

constitute the only analyzed samples of thermal water directly above Kilauea's summit 

magma reservoir. There are no other drill holes in the summit region deep enough to 
penetrate the regional water table. Nearly all other Hawaiian waters previously analyzed 
are from wells and springs at lower elevations, in areas much closer to the coast (e.g., 
Swain 1973; McMurtry and others, 1977) and tap the salt water/freshwater interface 
(Ghyben-Herzberg lens), which in Kilauea's east-rift zone is perturbed locally by high- 
temperature geothermal systems (Fournier, 1987; Thomas, 1987; Kauahikaua, 1993).

Possible modification by drilling mud and/or water?
The presence of suspended drilling mud in all of the water samples collected in 

1973-76, together with the fact that return circulation was never achieved during drilling, 
raises the question that the compositions of the borehole waters (Table 1) may perhaps have 
been modified by contact with drilling mud and/or by mixing with drilling water. This 
question cannot be addressed directly because there is not a pre-drilling datum for the 
composition of water beneath Kilauea summit. Nonetheless, we believe that the summit/ 
borehole samples we studied, with possible exception of the those collected through 
February 1974, were only affected minimally, if at all, by the drilling water or mud for the 
following reasons:

(1) The first sample (KBW-1, Table 1) was not collected until 4 September 1973, nearly 
two months after cessation of drilling and nearly a month after in-hole temperature logs 

(Fig. 3A,B) indicated that the drilling-caused thermal disturbance already had been 
recovered. We admit, however, that the chemical disturbances of the drilling may not 
have been fully dissipated by the time of the first sampling. This is suggested by the 
observation that the first three samples collected (in September-October 1973) are 
relatively lower in Mg, K, SO4, B, SiO2, and TDS and are isotopically heavier 

compared to the 1974 samples (Table 1). These relations may possibly be 
interpretated as recovery from solute dilution by drilling fluids, but the variations in Na 
concentration are inconsistent with such an interpretation. A critical question to be 
answered is: Is the flow through the borehole sufficient to sweep out all the chemical 
effects of the drilling in only two months? We do not have an answer, but a typical 
(perhaps minimum?) flow rate for water in basalts on the Island of Oahu is about 1
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meter/year (Warren Wood and Cliff Voss, oral communication, April 1993). Thus, if 

this rate is applicable to the summit borehole (nominal diameter 20 cm) and even 

allowing for some plugging of fractures by drilling mud, the clearing of contaminant 

fluids could be accomplished in about 3 months, or by the end of 1973 or early 1974. 

If so, the compositional variations observed for samples collected after February 1974 

definitely should not reflect any drilling effects.

(2) The drill water (from same well as sample PSM-1, Table 2) is substantially more dilute 

than the borehole waters, by one or more orders of magnitude for the major cations 

and anions (compare analysis for PSM-1 with borehole analyses). Thus, unless the 

initial (uncontaminated) hydrothermal fluids were very highly saline, the effects of 

possible contamination by drill water appear to be negligibly small too small to be 

detected within analytical error.

(3) A qualitative cobalt tracer experiment conducted during the drilling (Fig. 6) showed 

that, after an initial sharp increase following the addition of the tracer (cobaltus nitrate) 

in mid-June 1973, the concentration of Co which can be determined precisely by 

INAA techniques in both the drill water and the mud (Fig. 6) decreased 

exponentially with subsequent preparations of drilling mud using fresh drill water. By 

8 July 1973, the concentration of Co had been diluted from a maximum of 66.1 and 

4.5 ppm to 27.4 and 0.111 ppm for mud and drill water, respectively (Tilling and 

Jones, 199la, Tables 5 and 6). The Co concentrations of borehole waters sampled in* 

the period September 1973-February 1974 ranged between 0.004 and 0.037 ppm with 

no apparent temporal trend, bracketing the value of 0.022 ppm Co for uncontaminated 

drill water (Tilling and Jones, 199la, Table 7). Because Co is readily absorbed by the 

drilling mud, the concentration of Co in water was necessarily short-lived. 

Nonetheless, the results of the cobalt tracer experiment, while hardly definitive, 

provide permissive evidence that possible modification of the composition of borehole 

water samples by the drilling mud or the drill water was negligible.

The relatively high concentration of Ba in the water samples (3.3 - 11.0 ppm) 

through February 1974 does suggest possible contamination with the drilling mud 

(382 ppm Ba) (Tilling and Jones, 199la, Table 7); Ba concentrations in thermal waters 

rarely exceed 0.5 ppm (Cathy Janik, written communication, February 1993). It 

should be emphasized, however, according to the drilling company (Water Resources 

International, Inc., Honolulu, Hawaii), small amounts (< 1%) of lime were mixed on 

occasion with the bentonite mud, but no barite additive was used as an abrasive 

compound during the drilling (William Craddick, President, Water Resources 

International, Inc., oral communication, March 1993). Even so, if the Ba was taken



Fig. 6. The decay of Co concentration in the water and the mud (bentonite) with 
time after addition of the Co-nitrate tracer to the drilling mud. (Data source: Tilling 
and Jones, 1991a, Tables 5-8). The deep slurry samples (at 946 m, 1037 m, and 
1128 m depths) were collected on 10-11 July 1973, during formation testing of the 
borehole after cessation of drilling on 9 July (George V. Keller, 1973, written com 
munication). The first borehole water sample collected for this study was on 4 Sep 
tember 1973, more than 2.5 months after the addition of tracer.
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up in exchange sites for Na with the concomitant dissolution of any barite interstitial in 
the bentonite, this would increase the amount of Na and SO4 in solution. However, 
calculations indicate that the highest SO4 concentrations that can result from such an 
exchange process would be less than 3 % of the SO4 levels measured for the post- 

drilling 1973 samples, based on the highest measured Ba value of 37.9 ppm in sample 
KELL-2, collected on 23 June 1973 (Tilling and Jones, 199la, Table 6). Moreover, it 
must be remembered that the INAA technique is not sufficiently sensitive for reliable 
determinations of Ba at concentration levels under discussion (Phillip Baedecker, oral 
communication, April 1993).

(4) As will be seen, the oxygen and hydrogen isotopic ratios of the drill water are quite 

distinct from those of the summit-borehole waters.

Comparison with other Hawaiian waters
Figures 7 and 8 compare the composition of the summit-borehole waters with other 

waters from the Island of Hawaii. In terms of major-cation distribution, the thermal 
waters from the borehole do not differ appreciably from other Hawaiian waters. Except 
for the four samples collected in 1976 and 1991 (KBW-12, KBW-13, GT24SI91, and 
GT35SI91, Table 1), all other borehole waters plot toward the Na + K corner in a ternary 
plot (Fig. 7) of Mg-Ca-(Na + K), as commonly observed for thermal waters worldwide 
(e.g., White and others, 1963; Giggenbach, 1988). Similarly, the borehole waters (again" 
except for the 1976 and 1991 samples) plot closer to the K apex in a ternary diagram Mg- 
Ca-K (not shown), within the broad field defined by many thermal waters worldwide. 

The difference between the 1976-91 samples from the 1973-75 samples is discussed later 
in connection with the temporal variation in composition. Perhaps significantly, the 
borehole waters are similar in Ca-Mg-(Na+K) distribution to the interstitial waters of 
weathered Hawaiian basaltic tephra (Fig. 7) studied by Hay and Jones (1972).

In terms of major-anion distribution, however, the summit-borehole waters and the 

perched water samples from the Wright Road boreholes (WR-1, WR-3, WR-4, Table 
2) about 8 km northeast of the summit borehole (Fig. 5) share a distinctive geochemical 
signature: they too are very low in chloride relative to sulfate and carbonate concentrations 
compared to other Hawaiian waters (Fig. 8). The low-Cl signature of waters in the 
Kilauea summit region may reflect the fact that they are the most distant from the ocean 
and, hence, have the least opportunity to acquire seawater solutes through mixing or 
aerosol addition. Alternatively, the low-Cl signature could simply result from minimal 
contribution of volcanic HC1 to the part of the Kilauea hydrothermal system in the summit 

region. However, a recent study indicates that marine aerosols can make a major
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Fig. 7. Mg-Ca-(Na + K) ternary diagram comparing Kilauea summit-borehole waters, thermal 
waters from its east-rift zone, nonthermal groundwaters from the Island of Hawaii, and average 
seawater. The temporal variation of the su mmit-borehole waters relative decrease of (Na+K) 
with time is clearly evi dent in this plot (see text). Concentration data in this and Figures 8, 9A, 
and 10 are converted to meq/L before recomputing to 100 %. The Wright Road samples (Fig. 5), 
which are geographically closest to the summit-borehole samples, are from non-thermal perched 
water approximately 3 km NE of Kilauea caldera (in Volcano Village). "Clean" drill water refers 
to samples from the PSM-1 well (Table 2) before mixing with mud (bentonite), while the "water 
in drilling mud" (collected on 5 and 8 July 1973) is taken from the drilling mud pond, i.e., after 
contact with mud. "Interstitial" waters are extracted from soils, paleosols, a nd clays derived 
from the weathering of tephra of the Keanakakoi and Pahala Formation (see Hay and Jones, 
1972). [Other data sources: Tables 1 and 2, this paper; Swain, 1973; McMurtry and others, 1977; 
Kroopnick and others, 1978; Thomas, 1984; Hem, 1989; Tilling and Jones, 1991a].
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Fig. 8. SO4-(CO3 + HCO3)-C1 ternary diagram comparing Kilauea summit-borehole waters, 
thermal waters from Kilauea's east-rift zone, nonthermal groundwaters from the Island of 
Hawaii, and average seawater. The temporal variation of the summit-borehole waters  
relative decrease of Cl with time is well illustrated in this plot (see text). The types and 
compositional fields of waters "volcanic," "mature geothermal," "peripheral," and "steam- 
heated" are taken from Giggenbach (1992, Fig. 1). Plot symbols and data sources [exclud 
ing Hay and Jones (1972)] same as for Figure 7.
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contribution to ground waters in the central part of the Murray Basin, Australia, hundreds 

of kilometers from the ocean (Jones and others, 1994). Thus, there is no reason to rule 

out the possibility that some of Cl in the Hawaiian waters, even those far inland, can also 

be recycled.

The carbonate-(or sulfate-) rich (relative to Cl) waters, such as observed for the 

summit-borehole samples, can develop from silicate-hydrolysis reactions during 

weathering of volcanic source rocks (e.g., Jones, 1966; Jones and others, 1969), or from 
absorption of volcanic gases such as CO2, SO2 and H2S (e.g., Giggenbach, 1992a), or 

from these processes combined. The 1973-75 borehole samples plot within the 

compositional field for "steam-heated waters" (Fig. 8), but the waters are near neutural 

rather than acidic, as would be expected from the Giggenbach (1992a) model. However, 

the near-neutral pH values would be expected if the solutes represent dissolution of 

sublimates from fracture surfaces, as we suggest further in the discussion (p. ?).

Comparison with waters in other volcanic regions 

We also compared the summit-borehole samples with waters in other volcanic 

regions, including hydrothermal systems associated with active volcanoes (Figs. 9 and 

10). A comparison of major-cation distribution (Fig. 9A) is not especially diagnostic, 

other than showing that the compositional field for the Hawaiian waters borehole and all 

other largely coincides with that defined by many other volcanic regions. It is interesting 

to note in Figure 9A, however, that the average compositions for non-thermal waters from 

several major basaltic fields Reykjanes Peninsula of southwestern Iceland (RKJ), 

neovolcanic zone of northeastern Iceland (NEI), Columbia River Basalt (CRB), and 

Snake River Basalt (SRB) plot within the fields for thermal waters worldwide and for 

Hawaiian waters. In assessing geothermal fluids, however, a plot of Na-K-MgO-5 may 

yield more information than a plot of Ca-Mg-(Na+K) (see, e.g., Giggenbach, 1988; 

Fournier, 1990). In such a plot (Fig. 9B), non-thermal waters from Hawaii plot within a 

very restricted area toward the Mg corner; within this small area also would plot (but not 

shown) the average compositions (RKJ, NEI, CRB, and SRB) of non-thermal waters 

produced from weathering of basalt. In contrast, thermal waters tend to plot away from 

the Mg corner and have a much greater range of variation, as demonstrated by the 

Hawaiian and Icelandic thermal waters plotted. The summit-borehole waters, as 

distinguished from most thermal waters of Kilauea's east-rift zone, plot close to, or, for 

the 1976 and 1991 samples, within the field for non-thermal waters (Fig.9B).

A HCO3-SO4-C1 ternary plot shows that the Kilauea summit-borehole waters are 
distinctly lower in Cl (proportionate to HCOs and SO4) than all Hawaiian waters, non-
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Fig. 9 A. Mg-Ca-(Na+K) ternary diagram comparing Kilauea thermal waters (summit and east- 
rift zone) with thermal waters from other volcanic regions, including selected hydrothermal 
systems at active volcanoes. Data summarized here for thermal waters worldwide are not in 
tended to be all-inclusive, but rather to demonstrate that the compositional field is relatively 
large; however, the overwhelming majority of points plot near the Na+K corner. Also shown 
are average compositions of non-thermal waters associated with normal weathering in selected 
basaltic provinces: CRB, Columbia River Basalt (U.S.A.); SRB, Snake River Basalt (U.S.A.), 
and RKJ, Reykjanes Peninsula (SW Iceland); and NEI (neovolcanic zone, NE Iceland). [Data 
sources: Tables 1 and 2, this paper; White and others, 1963; Arn6rsson, 1970,1979; Arnorsson 
and Sigurdsson, 1974; Gislason and Eugster, 1987; Giggenbach, 1988; Wood and Fernandez, 
1988; Giggenbach and others, 1990; Sturchio and others, 1988; Marini and others, 1991; Martini 
and others, 1990; Delfin and others, 1992].
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Fig. 9B. Na/1000-K/100-MgUj ternary plot (modified from Fournier 1990, Fig. 4) comparing 
much of the same data sets as plotted in Figure 9A. The significance of this type of diagram in 
estimating the temperature of the last water-rock equilibration from geochemical thermometers 
is discussed in detail by Giggenbach (1988) and by Fournier (1990). Briefly stated, samples 
that plot close to the "fully equilibrated" curve generally yield reliable estimates of geothermo- 
meter temperatures, and those that fall within the "immature waters" field (toward the Mg corner) 
are unsuitable for temperature estimation; the summit-borehole waters are clearly "immature" and 
unsuitable for temperature estimation. Samples that plot within the "partly equilibrated or mixed" 
field allow less reliable temperature estimates and evaluation of models of mixing of waters equi 
librated at difference temperatures. In contrast to Figure 9A, nonthermal waters are generally dis 
tinguishable from thermal waters and define a very small compositional field near the Mg corner, 
within which plot all nonthermal waters from Hawaii (94 samples) as well as several thermal 
waters from the summit borehole and Kilauea's ERZ. The average compositions of waters from 
weathering of basalts (CRB, SRB, RKJ, and NEI) also are included within this field. Fields for 
thermal waters (e.g., for the ERZ of Kilauea and for Iceland), however, may stretch across large 
areas away from the Mg corner. [Data sources: Tables 1 and 2, this paper; Tilling and Jones, 
1991a, Tables 7 and 8; Swain, 1973; Thomas, 1984; Kroopnick and others, 1978; Arnorsson and 
Sigurdsson, 1974; Arnorsson and others, 1983; Gislason and Eugster, 1987; Wood and Fernandez, 
1988; Hem, 1989].
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thermal and thermal.waters (Figure 10). Moreover, they also differ in similar fashion 
from the large majority of all thermal waters in other volcanic regions as well. Only a few 
thermal waters at Nevado del Ruiz, Colombia (Sturchio and others, 1988), B. Georginas, 
Guatemala (Giggenbach, 1988, Table 1), some localitiies in Iceland (Arnorsson and 
others, 1983), and Mount Pinatubo, Philippines (Delfin and others, 1992) also have this 
proportionately low-Cl signature (Fig. 10). Note in this figure, however, the average 
composition for Reykjanes Peninsula waters (RKJ) apparently reflects the influence of 
seawater solutes, while the waters of northeastern Iceland (NEI) and of the Columbia 
River Basalt (CRB) and Snake River Basalt (SRB) do not. In anion distribution, the 
Kilauea summit thermal waters are similar to groundwaters associated with normal 
weathering of basalt in a continental-interior setting (e.g., CRB, SRB) or with non- 
thermal waters in basalt in an ocean-island setting unaffected by seawater solutes through 
mixing or aerosol addition with seawater (e.g., NEI). Simply stated, the summit- 
borehole waters have geochemical attributes more similar to non-thermal waters in basaltic 
terranes produced by rock weathering, rather than to most thermal waters worldwide.

Oxygen and hydrogen isotopes
The oxygen and hydrogen isotope data for the summit-borehole and other Hawaiian 

water samples we studied are summarized in Figures 11 and 12. Basically, these isotope 
data extend the conclusion reached by McMurtry and others (1977) that most Hawaiian/ 

waters are dominantly meteoric in origin. The "local meteoric water line" for the Island of 
Hawaii (6D = 8.15 6 18O + 11.18), determined by rainfall and permafrost samples (Fig. 

11), matches well the world meteoric water line (6D = 8 618O + 10) of Craig (1961). 

With exception of steam from geothermal test hole # 2 within Kilauea's east-rift zone 
(ERZ), all other samples cluster about the "local" meteoric water line (Fig. 12). Except for 
a single sample, all other non-thermal Hawaiian groundwaters (< 30 °C.) plot on or to the 
left of the "local" meteoric water line (i.e., isotopically lighter in 618O or heavier in 6D).

Although thermal waters (> 30 °C.) mainly plot to the right of the meteoric water line, the 
highest 6D values (KBW-9 and KBW-10 at Kilauea summit, or the 54 °C Malama-ki well 

in the ERZ) are not associated with the highest temperature thermal water (93 °C 
geothermal test hole #2 in the ERZ). In comparison with thermal waters from other 
geothermal regions (see, for example, Giggenbach, 1992b), the thermal waters of Kilauea 
Volcano isotopically analyzed to date exhibit a much lower degree of oxygen isotope shift 
caused by rock-water interaction, perhaps reflecting relaitvely low temperatures and a high 

through-put of meteoric water, i.e., higher water/rock ratios.
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Fig. 10. SO4-(CO3+HCO3)-C1 ternary diagram comparing Kilauea thermal waters [summit and 
east-rift zone (ERZ)], thermal waters from other volcanic regions, including selected hydro- 
thermal systems at active volcanoes, and average compositions of non-thermal waters associated 
with normal weathering in selected basaltic provinces. Temporal variation of the summit-borehole 
waters relative increase of carbonates with time is also clearly evident in this plot, but composi 
tional distinction cannot be made between 1973 and 1974 samples. Plot symbols, unless otherwise 
indicated, and data sources same as for Figure 9.
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indicated by the broad shaded line, and to Craig's (1961) world meteoric water line (dD = 
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the data plotted here and in Figure 12 is ± 1 for dD and ±0.1 for d O. [Date sources: Table 
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The hydrogen isotope data show that the summit-borehole waters (Fig. 12) are 
most similar to the rainfall collected at HVO, suggesting that Kilauea's hydrothermal 
system must in part be recharged by infiltration of local rainfall. However, all of the 
summit-borehole waters have 8D values lower than that for the rainfall at HVO (Fig. 12), 

implying a probable contribution from somewhat higher elevations on the flanks of Mauna 
Loa (Scholl and others, 1993). In particular, the two 1991 samples (Table 1) and work in 
progress yield a calculated recharge elevations between 1,400 and 1,940 m A.S.L. (Scholl 
and others, 1992, 1993; USGS, unpublished data). We caution, however, that these 
prelimianry results may not necessarily apply for Kilauea's hydrothermal system as a 
whole because: 1) the available data are restricted to only a few samples from the very top 
of the hydrothermal system; 2) we do not know how these shallow samples are related to 
deeper, but as yet unsampled hydrothermal fluid within the borehole; and 3) the 
relationship between the hyrothermal system in the summit region and the system(s) in the 
east-rift zone is unknown. The available data suggest that the summit-borehole waters are 
isotopically distinct from the drill water or Mauna Loa summit waterThe waters of the ERZ 

have hydrogen isotopic ratios that are intermediate between Kilauea summit and Hilo 
rainfall (Fig. 11), reflecting elevation effects expectable from differences elevation 
between the summit (~ 1,245 m A.S.L) and Hilo (near sea level).

TEMPORAL VARIATIONS IN COMPOSITION /
In addition to possessing an apparently unique, but not yet understood, low-Cl 

geochemical signature, the summit-borehole waters sampled during the 1973-76 period 

also exhibit important temporal variations in composition. These variations include 

relatively short-term changes (days to weeks) imposed on longer term trends (months to 

years) and record the complex interaction between rainfall and recharge, volcanic activity 
and degassing, the availability of leachable materials in fractures and pores along the 
water-flow path, and rock weathering (Tilling and Jones, 1990;1991b).

Short-term variation: Rainfall dilution
A sample (KBW-4) collected on 4 December 1973 two days after 37 cm of rain 

(as measured at HVO) had fallen in a three-day period showed significant dilution of 
nearly all solutes (Table 1), clearly demonstrated by the principal cations (Fig. 13) and by 
804 and Cl (Fig. 14). Correspondingly, the concentration of HCOs increased slightly 
(Fig. 14), reflecting the increased flushing and passage of recharge through the higher 
concentrations of CO2 in the soil zone accompanying and following the deluge. The 
dilution effects, which are also evident for boron, silica, and total dissolved solids (TDS)
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Fig. 13. Temporal variation of principal cations for the Kilauea summit-borehole waters, for the 
period September 1973-April 1976 and, following a 15-year hiatus in sampling, for August- 
September 1991 (data source: Table 1). Decrease in solute concentrations in early December 
1973 is attributed to rainfall dilution (see text); rainfall-dilution effects are also clearly seen for 
some other chemical components not plotted (SiO2, B, and total dissolved solids). Through mid- 
July 1974, Kilauea was continuously active on its upper east-rift zone at Mauna Ulu (see Fig. 1). 
Since then, Kilauea experienced a number of short-lived eruptions in the summit and southwest- 
rift zone (SWR) region through 1975, as denoted by the arrows (see text for discussion). Except 
for two minor eruptions in the summit region in 1982, the eruptive activity at Kilauea during the 
1976-1991 period was restricted to the east-rift zone (Peterson and Moore, 1987; Heliker and 
Wright, 1991; Mattox, 1993).
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Fig. 14. Temporal variation of principal anions for the Kilauea summit-borehole waters during the same 
span of time as shown in Figure 13 (data source: Table 1). The dashed segments for the SO4 and HCO3 
curves during early 1975 may better portray the actual trends, if indeed the 31 December 1974 eruption 
was instrumental in causing the compositional changes observed (see text).
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(Table 1), probably were produced by a combination of rainwater pouring down the 

borehole and increased regional lateral flow through the host basalts. Solute 

concentrations recovered or exceeded pre-heavy-rainfall levels by the time of the next 

sampling (21 February 1974), i.e., within about 2.5 months but conceivably much less. 

Because of the lack of more frequent sampling, the dilution-caused anomalies in solute 

concentrations could be much sharper than shown in Figures 12 and 13. Short-term 

variations in chemical composition of groundwaters brought about by intense precipitation 

have been observed elsewhere (e.g., White, 1968; Fritz and others, 1976; Giggenbach 

and Glover, 1975; Rowe and others, 1992a,b), but, to our knowledge, the rainfall- 

dilution effects recorded by the summit-borehole waters represent the best documented 

example to date for Hawaiian waters.

Longer term variations

Other than the short-term rainfall dilution in late 1973, which reduced solute 

concentration by about a third, the summit-borehole waters collected in 1973-74 varied 

relatively little with possibly a slight, gradual increase in total solutes, largely reflecting 

increases in Ca, Mg, K, SO4, Cl, and B (Table 1, Figs. 13 and 14). The reason for the 

abrupt spike (sample KBW-5, Table 1 and Fig. 13) in the overall gradual increase in Ca is 

not known. The compositions of the borehole waters were not measurably perturbed by 

the continuous east-rift eruption at Mauna Ulu through mid-July 1974, nor by the brieff 

summit eruptions on 21-24 July 1974, 19 September 1974, and 29 November 1975 

(Figures 12-14). In general, samples collected in the September 1973-June 1975 period 

are Na-sulfate-dominant, but samples collected after July 1975 are (Mg+Ca)-bicarbonate- 

dominant (Table 1). In detail, the transitions in dominant ions (in meq/L) with time is as 

follows:
Na-SO4 (6/05 and 7/18/75) «> Na-HCOs (7/24/75) «> Na, Mg-HCOs (4/17

and 4/19/76) ^ Mg, Ca-HCOs (8/09 and 9/13/91).

Shift caused by volcanic activity on 31 December 1974. The compositional shift 

from sulfate-dominant to bicarbonate-dominant waters in 1975 is clearly evident in the 

temporal variations in anion concentrations (Fig. 14) and demonstrated by the dramatic 

increase in the ratio (COs + HCO3)/SO4 (Fig. 15). This shift was not presaged by any 

obvious long-term compositional variation during the 1973-74 period . Unfortunately, 
because of the 6-months time lapse in sampling, whether the compositional shift was 

abrupt or gradual cannot be determined. However, we believe that the change in 

composition was probably abrupt, most likely related to volcanic degassing and attendant 

increase in partial pressure of CO2 associated with the eruptive and intrusive activity on 31
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Fig. 15. Temporal variation of the ratio (CO3+HCO3)/SO4 for the Kilauea summit-borehole waters 
during the same span of time as shown in Figures 13 and 14 (data source: Table 1; concentrations 
are expressed in meq/L for calculation of ratios). The slope of the curve increases dramatically 
following the 31 December 1974 eruption in Kilauea's southwest-rift zone (SWR). The two sam 
ples collected in August-September 1991 after a hiatus of 15 years without data indicate that the 
borehole waters are still bicarbonate-dominant.
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December 1974 (Fig. 16), the most voluminous event affecting Kilauea's summit and 
upper southwest-rift zone (SWRZ) since 1919. The eruption itself was brief, lasting only 
about 16 hours, but dike intrusion and attendant intense seismicity persisted for another 
week and wedged open the SWRZ by at least 1 meter, thereby facilitating interaction of 
degassing carbon dioxide with groundwater in the summit region. Following the initial 
sharp increase during the 31 December 1974 activity, the partial pressure of CO2 then 
gradually (perhaps exponentially?) decreased, approaching pre-eruption values with our 
sampling in April 1976 (Fig. 16). Pulse-like increases in CO2 in several geothermal wells 

associated with rifting and eruption events also have been recognized at Krafla Volcano, 
Iceland, during the 1975-1982 period (Oskarsson, 1984; Armannsson and others, 1989,
Fig. 7).

The variation in CO2 partial pressure raises the question: If the magmatic degassing

associated with the 31 December 1974 eruption perturbed Kilauea's geothermal system, 
why is there an apparent lack of similar effects during the continuous eruptive activity at 
Mauna Ulu and the other summit eruptions during the 1974-1976 period (Tilling and 
others, 1987; Dzurisin and others, 1984). The answer seems to be the unique location of 
the eruptive outbreak of the December 1974 activity relative to the location of the active part 
of the summit magma reservoir. The nearest vent fissures for the surface eruptive activity 

are located less than 1.5 km SW of the summit-borehole site (Fig. 16). Thus, magma from 
the active part of the summit reservoir complex, as indicated by the "magma pressure" otf 

"inflation-deflation" centers, had to move through the region containing the borehole in 
migrating to the area of eruptive outbreak and further downrift. Such a magma path 
necessarily would have disrupted the hydrothermal system in the vicinity of the borehole. 
In contrast, the magma paths to sustain the quasi-steady Mauna Ulu eruption, and the 1974 
(July and September) and 1975 summit eruptions merely skirt the borehole site (Fig. 17).

The inferred pulse of CO2 into Kilauea's hydrothermal system during the 31 
December activity could account for an increased amount of HCOs dissolved in the 
borehole waters, but in itself does not explain the concomitant, abrupt decrease in SO4 
concentration at near-constant total solute concentration (Figs. 14 and 18). The close 
equivalence of HCOs increase (9.64 meq/L) and SO4 decrease (8.54 meq/L) suggests that 
the two processes may be linked, even though direct evidence is lacking. A similar 
antipathetic relationship between HCO3 and 864 was observed by De la Cruz-Reyna and 
others (1989) for a thermal spring at Tacan£ Volcano, Mexico-Guatemala.

The more concentrated Kilauea borehole fluids are almost an order of magnitude 
undersaturated with respect to gypsum, and at least 5 orders undersaturated with respect to 
alkali sulfate salts; thus it is unlikely that such an inverse anionic fractionation can be related
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Fig. 16. Temporal variation of partial pressure of CO2 computed from pH, the concentrations of 
and (if determined) CO3 using the analytical expressions given in the WATEQF program (Plummer and 
others, 1976). The dashed curve for the 1975-1976 period may better represent the actual compositional 
path, with an initial sharp rise related to magmatic degassing of CC>2 during the 31 December 1974 
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to solubility effects even in the unsaturated zone. However, it is possible that physically 
induced changes in the flow system might have caused simultaneous inverse effects on the 
primary anionic solute constituents. Rifting and pervasive ground cracking, associated 
with intense seismicity, accompanied the increase in partial pressure of CO2 during and 
after the 31 December 1974 outbreak. Such shattering of the ground would have permitted 
access of additional dissolving fluids to the sulfate efflorescence previously deposited along 
grain boundaries, cracks, and fissures. At the same time, the ground-shattering processes 
also would have caused the greatly increased surface area of fresh rock to come in contact 
with waters newly charged with carbonic acid. According to this scenario, the anion 
change in the Kilauea borehole fluids reflects a shift in the principal components of volcanic 

degassing from SO2 to CO2, which on acid hydrolysis and reaction with the rock minerals, 
primarily plagioclase, produces the major dissolved salts determined. The dominance of 
sodium in these dissolved salts may indeed reflect the differential precipitation of calcite, 
which is supersaturated in all the Kilauea borehole waters analyzed.

Interestingly, the heaviest 818O values for borehole waters collected during our 

entire study were measured for two samples (Table 1; KBW-9 and KBW-10) collected 
successively after the 31 December 1974 eruption; subsequently, S18O values returned to 

previous, lighter levels. However, given the analytical uncertainty and the wide variation 
seen for paired samples collected a few days apart (e.g., Table 1; KBW-10 and -11, and 
KBW-12 and -13), the apparent association of the heaviest 8 18 O values with the 3^

December activity may only be fortuitous. In any case, this association implies a higher 
temperature fluid-rock reaction, facilitated by new fractures serving as conduits for the 

l°O-enriched fluids to intercept the borehole.
Sharp decrease in solute concentration after mid-1975. While the 31 December 

1974 activity clearly produced a drastic change in the proportion of carbonate to sulfate, it 
scarcely affected total solute concentration (Fig. 18). After sample KBW-9 (Table 1) was 
collected in early June 1975, however, the solute concentration of the borehole samples 
began to decrease sharply, falling from about 45 meq/L to less than 25 meq/L in April 
1976, primarily reflecting decreases in SO4, Cl, Na and K (Figs. 13 and 14). The greatest 
change in total solute occurred between 5 June and 24 July 1975 (Fig. 18). By August- 
September 1991, total solute concentration had decreased to less than 17 meq/L (Table 1), 
but we have no data on possible temporal variations during the period between the April 
1976 and August 1991 samplings.

The cause for this long-term decline in solutes since mid-1975 is not certain. 
However, we can positively rule out rainfall dilution alone as a factor because rainfall 
during the period was not unusual (Fig. 18); indeed, during the 7-week period of greatest
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MAGMA PRESSURE CENTERS
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Fig. 17. The location of the summit borehole relative to the vent fissures of eruptions 
that occurred in the summit region and upper southwest-rift zone of Kilauea Volcano 
during the period 1972-1976. Shaded arrow (right corner) schematically indicates the 
magma-supply path to sustain the essentially continuous activity at Mauna Ulu on the 
east-rift zone during 1972-1974. Also shown are the locations of "magma pressure 
centers" (also called "inflation-deflation centers") determined by point-source solution 
of precise-levelling surveys during the period December 1972-October 1976. These 
centers are inferred to mark the approximate position of Kilauea's subsurface magma 
reservoir, which during this period varied between 2.4 to 5.1 km in depth. Data 
sources: Holcomb (1987, Fig. 12.5) and John J. Dvorak (1992, written communication).
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solute decrease, only 1.9 cm of rainfall was recorded at HVO compared to the 37 cm of 

rain in a 3-day period that caused the significant rainfall dilution in December 1973. Nor 

was there any unusual volcanic or tectonic activity during June-July 1975 at Kilauea that 

might have perturbed the summit region and triggered the onset of the sharp decline in ion 

concentration of the hydrothermal system. The only significant volcanic activity at that time 

was the 5-6 July eruption at the summit of Mauna Loa Volcano, which came back to life 

after being quiescent for 25 years (Lockwood and others, 1987). However, seismic and 

geodetic studies showed that the reawakening of Mauna Loa in no way affected Kilauea; 

moreover, as discussed earlier, hydrogen isotope data (Figs. 11 and 12) preclude any 

significant mingling of the Kilauea summit-borehole and Mauna Loa summit waters.

Instead, we prefer to interpret the observed dilution trend as simply reflecting the 

decreased availability of readily leachable alkalis and 864, which originated in sublimates 

and encrustations along fractures and vesicles in the host basalt along the water-flow path. 

We further suggest that the decline of solutes beginning in mid-1975 (Fig. 17), like the 

change in the carbonate/sulfate ratio (Fig. 14), also is a consequence albeit expressed a 

half year later of the "magmafracting" processes related to the eruptive and intrusive 
activity on 31 December 1974, which involved the greatest movement of magma and 

associated ground deformation in Kilauea's southwest-rift zone since 1919. Presumably 

the increased opening and density of fractures produced by this activity permitted the 

flushing of accumulated surficial deposits dominated by previous sulfotaric emanations/ 

Another hypothesis, even less amenable to testing, is that the continued settling of the 

drilling mud in deeper parts of the borehole had greatly reduced permeability by mid-1975; 

thereafter, the decreased permeability was sufficient to impede, or completely block, the 

entry of fluids richer in Cl, Na, and K into the near-bottom part of the borehole to mix with 

the water sampled at the top of the water column. This explanation rests on the premise 

that the post-drilling temperature profile (Fig. 3) is not an equilibrium profile, thereby 

allowing fluids differing in temperature and composition to enter the borehole at different 

levels. However, for reasons discussed earlier, we believe that the measured temperature 

profile, at least to a first approximation, demonstrates thermal equilibrium.

DISCUSSION
While studies of volcanic gases have been made at Kilauea since the establishment 

of the Hawaiian Volcano Observatory in 1912 (e.g., Day and Shepherd, 1913; Finlayson 

and others, 1968; Graeber and others, 1979; Greenland and others, 1985; Greenland, 

1987), this study constitutes the only attempt to date to monitor the temporal variation in 

composition of waters above Kilauea's active magma reservoir. At a number of other
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Fig. 18. Temporal variation of total solute concentration for the Kilauea summit-borehole waters and 
rainfall measured at the Hawaiian Volcano Observatory (HVO), located approximately 3 km north of 
the borehole. (Data source: Table 1 and rainfall records of HVO). While the departure from the trend 
in late 1973 is clearly associated with rainfall dilution (see text), the sharp decrease in concentration 
after mid-June 1975 cannot be explained by rainfall dilution or volcanic activity; nearly half of this 
decrease occurred in only about 1.5 months. The two samples collected in August-September 1991, 
each with total solute concentration less than 17 meq/L (Table 1), may suggest a continuing long-term 
dilution trend.
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volcanoes, however, the regular sampling and analysis of thermal waters crater lakes, 
springs, wells, and surface discharges has constituted an integral part of volcanic 
surveillance and/or of geothermal investigations (e.g., Farrar and others, 1985, 1987, 

1989; Martini and others, 1991; Fournier, 1989; Nathenson and Thompson, 1990). In this 
section, we discuss the time-series data for thermal waters from Kilauea summit, mainly 
within a context of temporal variations observed at some other active volcanoes and recent 
experimental data on basalt weathering.

Temporal variations in thermal waters at other active volcanoes
The pulse-like release of CO2 during volcanic activity, as "captured" by the Kilauea 

summit thermal waters for the 31 December 1974 eruption-intrusion event (Figs. 14-16), 
was also dramatically shown by monitoring of CO2 in fluids from geothermal wells over a 
10-year period at Krafla Volcano, Iceland (Oskarsson, 1984; Armannsson and others, 
1989). CO2 concentration increased from about 0.1 % to more than 2.5 % with eruption 
onset in December 1975 (after ~ 250 years of dormancy), reaching a maximum about 5.5 
% during 1977-78 before beginning a steady decline, interrupted by a secondary maximum 
in 1980; the variations in CO2 correlate nearly perfectly with elevation changes associated 
with individual magmatic rifting events (Armannsson and others, 1989, Fig. 7).

The Krafla case history is especially important because Krafla is also an active 
basaltic volcano, which, like Kilauea, has a shallow central magma reservoir within itf 
caldera, 2-4 km below the surface, that feeds all eruptions within the caldera or along the 
rift zones. The eruptive dynamics of Krafla are remarkably similar to those of Kilauea 

despite the considerable difference in their volcano-tectonic settings (Tilling and Dvorak, 
1993): Kilauea represents intraplate volcanism, whereas Krafla straddling the North 
American and European Plates represents divergent-plate boundary volcanism. In terms 
of CO2 degassing during volcanic activity, Kilauea and Krafla also appear to behave 
similarly.

The temperature, composition, and pH of waters of crater lakes have been 
monitored at number of active volcanoes for example, Taal, Philippines (Alcaraz, 1969); 

Kelut, Indonesia (Badrudin and Istidjab, 1983; Sudradjat, 1991); Mt. Ruapehu, New 
Zealand (Giggenbach, 1974; Giggenbach and Glover, 1975); Kusatsu-Shirane, Japan 
(Takano and Watanuki, 1990); and Poas, Costa Rica (Casertano and others, 1985; 
Barquero and Ferna"ndez, 1990; Rowe and others, 1992a,b). Data for Ruapehu crater-lake 
waters for the period 1966-73 period provide a good example of temporal variations at an 
active andesitic volcano. According to Giggenbach and Glover (1975), the variations in Cl 

and Mg rather than in HCOs and 864 for Kilauea are the most diagnostic indicators and
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can best be related to ash eruptions in 1966, 1968, 1969, and 1971 at Ruapehu. An 
increase in temperature is generally accompanied by increases in Cl concentration, 

reflecting magmatic degassing of HC1, and in Mg concentration, attributed to interaction of 
lake water with the freshly erupted materials. For example, during the 1971 activity at Mt. 
Ruapehu, Mg concentration doubled in four months, and Cl increased about 40 % over an 
8-month period (Giggenbach and Glover, 1975, Fig. 3). For these same two constituents, 
the Kilauea waters varied quite differently: Despite a temporaray increase of nearly 30 % 
from 64-70 mg/L (12/18/74) to 87 mg/L (6/05/75), Mg concentration showed no net 

increase during the nearly 7 months following the 31 December 1974 activity; in contrast, 
Cl concentration sharply declined by nearly 50 % during the same period and then 
continued to decline (Table 1).

Time-series compositional data (Thompson, 1990) for new thermal springs formed 
at Mount St. Helens Volcano, southwestern Washington, after its reawakening in 1980, 
also show large fluctuations in some chemical constituents, particularly anions. For 
example, at one spring (Lower Loowit), Cl concentration decreased, sharply and 

irregularly, from about 2030 to 379 mg/L during the period November 1983-August 1984 
(Thompson, 1990, Table 2). The Ruapehu and Mount St. Helens examples are given to 
show that the range and rate of temporal variation in composition observed for the Kilauea 
thermal waters are not unusual. However, the Mount St. Helens and Ruapehu crater-lake 
waters vary more widely in temperature than Kilauea summit waters. At Ruapehu/ 
temperature changed more than 25 °C. in only a month, whereas during the entire three- 
year period of our study at Kilauea, the temperatures of borehole samples at or near the top 
of the water column ranged only between 70-79 °C. (Appendix).

It is also instructive to compare the temporal variation of the Kilauea summit waters 

with time-series compositional data on thermal waters at Campi Flegrei (Phlegraean 
Fields), Italy (e.g., Martini, 1986; Martini and others, 1991). Campi Flegrei caldera 
formed about 34 ka, followed by numerous smaller eruptions, the most recent being the 

A.D. 1538 activity that formed Monte Nuovo (Lirer and others, 1987). Systematic study 
of the thermal springs and fumaroles at Campi Flegrei was intensified following episodes 
of unrest during 1969-72 and 1982-84 that resulted in ~ 1.7 m and 1.8 m of caldera uplift 
respectively (Corrado and others, 1976/1977; Dvorak and Mastrolorenzo, 1991). 
Compared to the Kilauea summit borehole, thermal springs at Campi Flegrei exhibit much 
less temporal variation, despite longer periods of measurement (Fig. 19). Although minor 
increases in HCO3 at some springs are attributed to influx of CO2 into shallow aquifers, the 
geochemical data on Campi Flegrei waters and fumarolic gases appear to be minimally 

perturbed by the "bradyseismic" crisis of 1982-1984, leading Martini and others (1991) to
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Fig. 19. Comparison of SO4-HCO3-C1 distribution between thermal waters at Kilauea summit 
and at Campi Flegrei (Phlaegraen Fields), Italy, showing the much greater range and rate of 
temporal variation for Kilauea. Data points for Kilauea thermal waters are individual samples, 
and practically the entire range of variation is spanned in only a period of 3 years (1973-1976). 
In contrast, data points for the various thermal waters at Campi Flegrei caldera are mean annual 
compositions (computed from 4 or more analyses each year) and, for two sites (Terme Nerone 
and Terme Puteolane), cover a sampling period of more than 15 years. Only the Terme Puteolane 
waters show any appreciable variation, especially if extended to the 1970 composition. [Data 
sources: Table 1, this paper; Martini and others, 1991; Marino Martini, 1992, written commun 
ication].

I9a



conclude that the observed ground deformation is not caused by the intrusion of a magma 
body. On the other hand, on the basis of geophysical evidence, Dvorak and Mastrolorenzo 
(1991) argue that hydrothermal processes alone cannot account for the rates of uplift and 
that the observed ground movements most likely reflect "periodic reactivation," possibly by 
intrusion of new magma, of a shallow magma system. The causative mechanism of the 
ground deformation at Campi Flegrei, well documented since 9th century B.C., remains a 
topic of intense scientific study and debate (see, for example, the studies in Luongo and 
Scandone, 1991).

Precursors to eruptive activity?
At some volcanoes, changes in composition of thermal waters have been considered 

to be precursors to eruptive activity. For example, a six-fold increase in the 864 
concentration at a thermal spring two months prior to the onset of intense seismicity and a 
small phreatic eruption in May 1986 at Tacand Volcano (Mexico-Guatemala) was 
interpreted as a possible precursor of the seismic crisis and ensuing eruptive activity (De la 
Cruz-Reyna and others, 1989). It should be noted, however, that the study at Tacand was 
based on only six months of monitoring (January-June 1986), and began after felt 
earthquakes in the region were reported in late December 1985. A better documented 
example, utilizing a data base spanning 25 years, is provided by temporal variations in the 
composition of the water in Yugama crater lake (Kusatsu-Shirane Volcano, Honshu/ 

Japan). Two months before a phreatic eruption began on 26 October 1982, 864 
concentration increased to 4130 mg/L (on 26 August 1982), from previous measurements 
ranging between 1900 and 3130 mg/L for samples collected during the previous ten years. 
A more compelling precursory indicator, however, was the accompanying order-of- 
magnitude decrease in concentrations of polythionates (S XO62~), from values ranging 

between 620 and 1380 mg/L to 20 mg/L or less (Takano, 1987; Takano and Watanuki, 
1990). These compositional changes in the crater-lake waters coincided with increased 
seismicity and the phreatic explosions (Takano and Watanuki. 1990, Fig. 4). Sharp 

decreases in the concentration of polythionic acids were observed three months prior to the 
initiation of phreatic eruptions in June 1987 at Pods Volcano, Costa Rica (Rowe and 
others, 1992b).

Given the infrequent sampling and the correspondingly limited data set obtained for 
this study, the temporal variations observed for the Kilauea summit waters (Figs. 13-16, 
18) obviously provide little basis to discern possible precursors, if any. Besides, it must 
be remembered that, during the first part of this study (through June 1974), Kilauea was 
already undergoing long-lived, quasi-steady-state eruptive activity at Mauna Ulu, on its
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upper east-rift zone (Tilling and others, 1987). The remainder of the study period (July 

1974-April 1976) was a time of limited visible activity at Kilauea, consisting only of four 
brief eruptive outbreaks, none of which lasted more than 4 days (Dzurisin and others, 
1984): 19-22 July 1974, 19 September 1974, 31 December 1974, and 29 November 
1975. Except for the 31 December 1974 activity, which marked the most voluminous 
eruptive outbreak in Kilauea's southwest rift zone since the 1919-20 activity at Mauna Iki, 
the other eruptions were confined to the summit caldera. Of these activities, only the 31 
December 1974 eruption, and accompanying intrusion and intense seismicity, appeared to 
have measurably changed the composition of the summit borehole waters (Figs. 14-16). 
Yet, the two samples collected on 18 December 1974 (KBW-7 and KBW-8, Table 1) 
showed very little departure from the compositional trends, giving no clear signal of the 
major eruptive and intrusive activity to take place two weeks later. If the rainfall-dilution 
effects seen in the composition of a sample taken two days after intense precipitation are 
a measure of the response time to reflect a significant perturbation of Kilauea's 
hydrothermal system, then a water sample would need to be collected and analyzed every 
few days to have any hope of using temporal variations in water composition to detect 
eruption precursors at Kilauea. Realistically, such detection of precursors probably would 
also require the installation of some type of low-maintenance, near-real-time monitoring 
device in the borehole to measure temperature, pH, and specific conductivity. 
Nonetheless, examination of the gradual anionic trends over the entire period of collection/ 
of the borehole waters does hint slightly at changes which could be related to increasing 
magmatic activity. Figure 14 illustrates a 20-25 percent increase in sulfate between initial 
sampling (September 1973) and the eruption of 31 December 1974. Over the same period, 

the calculated partial pressure of CO2 increases nearly one-half order of magnitude (Fig. 

16), reflecting an increase in bicarbonate and decrease in pH. As discussed earlier, both 
these indicators can be related to magmatic degassing.

Bearing on weathering of basalt
The Kilauea summit borehole waters have displayed temporal variations in major 

solute composition over the period of their collection which have significant implications 
for the weathering of basalt. For both the major cations (Figs. 7 and 9) and major anions 

(Figs. 8 and 10), the time-series trends point to the compositional fields for groundwaters 
associated with the normal weathering of basaltic host rocks. It should be emphasized, 
however, that these ternary variation diagrams only compare proportions of principal 
cations and anions and do not take into account major differences in concentration, 
especially between the Kilauea summit borehole waters and other non-thermal
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groundwaters associated with weathering. The Kilauea samples collected in 1976 and 
1991 have substantially lower total solute concentrations than the fluids collected earlier; 
they most closely approach the nearby summit (Wright Road) non-thermal waters as well 
as the average major-solute compositions for non-thermal waters in basaltic terranes (Figs 

7-10). This difference is almost entirely attributable to decrease in solute sodium sulfate 
with time. Are these observations merely fortuitous, or do they suggest that, regardless of 
temporal perturbations related to the dynamics of an active volcanic system, the reaction of 
meteoric waters with basaltic rocks approaches steady state in terms of solute proportions, 
at least for the major cations? According to the scheme of Giggenbach (1992), the 
temperature and anion-concentration data (Appendix and Fig. 8) suggest that the summit- 
borehole waters are becoming more "peripheral" to Kilauea's hydrothermal system, as 
characterized by declining temperatures and relative increase of HCO3.

Other studies are pertinent to the above question. Utilizing chemical analysis of 
both solids and interstitial fluids, Hay and Jones (1972) have demonstrated that the 
weathering of Hawaiian basaltic tephra is a function of both climate and age, but the 
quantitative relationship between water composition and leaching rate has remained 
uncertain. Taking analyses of interstitial waters in the Pahala Ash (~ 10 - 25 ka) and the 
Keanakakoi Formation (~ A.D. 1790-1820), and assuming 10 ka to be age of the top of the 
Pahala Ash, Hay and Jones (1972) calculated leaching rates (g/cm2/l04yrs) for selected 
chemical constituents: for example, 39 for SiOi and 7.1 for Ca. However, calculation/ 
based on the compositional differences between fresh and weathered host rock for the same 
two constituents yielded leaching rates about twice as fast.

More recent studies of silicate rock weathering [see examples in Colman and 
Dethier (1986), or the summary of Brantley (1992)] have documented orders of magnitude 
differences in field and laboratory rates related primarily to wetted surface variations, and 
White and others (1992) have shown a progressive decrease in rates of silicate weathering 
in soil chronosequences on granite. Hay and Jones (1972) attributed their discrepancies 
between solution and solid leaching calculations principally to uncertainties in rates of 
infiltrations and fluid flow, as well as surface area effects, but concluded that a constant 

proportion of silica and cations reflected the steady-state alteration of primary silicates. The 
enormous variation and dramatic changes in fracture density makes it impossible to estimate 
the total leached rock surface or reaction time represented by the Kilauea summit borehole 
waters, but the approach to cation proportions representative of basaltic rock weathering 
elsewhere is consistent with these findings.

The recent experimental study of White and Hochella (1992) shows that the 
weathering of basalt flows may be conditioned by cooling history and short-term, subaerial
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weathering immediately after eruption. They compared the surface chemistries of fresh 
(i.e., not rained upon) basalt flows erupted at Kilauea during 1987-1990 and at Krafla 
(Iceland) during 1980 with those of compositionally comparable, but older flows 
exposed to subaerial weathering over time scales of years to millennia. Surprisingly, the 
surfaces of the unweathered flows are greatly enriched in Al, Mg, Ca, and F because of the 
formation of refractory fluoride compounds, but are depleted in Si and Fe from the 
volatilization of SiF4 and FeFs during cooling of the flow. However, White and 
Hochella's (1992, Fig. 7) data for repeated samplings of the 1987 Kilauea flow also 
indicated that, in less than a year, the initially fluoride-enriched surface is leached to give a 
SiO2-dominant surface characteristic of older and weathered historical and prehistoric flows 
at Kilauea and Mauna Loa Volcanoes (Fair and Adams, 1984; Curtiss and others, 1985). 
These results allow the estimation of "maximum leach depths" for the fluoride-enriched 
surface as high as about 50 microns during the first year of weathering of Hawaiian basalts 
(White and Hochella, 1992, Table 4). Although such short-term, apparently rapid 
subaerial leaching of fluoride compounds cannot be directly extrapolated to longer-term 

subsurface leaching or mineral-deposition processes during long-term weathering, the 
findings of White and Hochella (1992) at least imply that significant rock-water interactions 
may occur at rates much faster than generally supposed. In any case, frequently recurring 
ground breakage associated with Kilauea's frequent volcanic activity must in turn create a 
virtually endless supply of fresh rock surfaces to promote rock-water interactions, thereb/ 
facilitating extensive leaching or mineral-deposition process, subaerial or subsurface.

Directions for future research
By good fortune, our meager time-series data on the evolution of the summit 

borehole waters managed to "capture" both short-term and longer temporal variations in 
composition during the 1973-1976 observation period. While necessarily qualitative, our 
interpretation of these variations clearly indicates that the behavior of Kilauea's summit 
hydrothermal system reflects the complex and quick-response interplay between recharge 
(rainfall) and eruptive activity. It is also abundantly clear that this study has generated more 
questions than answers. To adequately address these questions, an in-depth investigation 
of the hydrogeology of Kilauea Volcano one of the most active in the world is sorely 

needed.
Relevant to the findings of this study, several broad approaches for future research 

are obvious, including:
  To better document and interpret rainfall-dilution effects on water composition, 

improved characterization of the recharge pattern of Kilauea summit and adjacent areas
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of Mauna Loa will be essential. At present, the only information on the distribution of 
mean annual rainfall on the Island of Hawaii is based on records for the period 1931-55 
(Davis and Yamanaga, 1973, Fig. 1), and to date the rainfall-measurement stations in 
the region of interest have been few or entirely lacking. However, recent studies begun 
by the USGS have established more than 50 rain collectors (elevations 0 to > 4,100 m) 
covering Kilauea Volcano and the flank of Mauna Loa Volcano, and studies of the 
isotopic variation of precipitation collected at these sites are underway (Scholl and 
others, 1992, 1993).
To more quantitatively analyze the compositional variations in the thermal waters above 
Kilauea's magma reservoir, data on the nature and emission rate of gases from eruptive 
vents and fumaroles also must be considered. Because systematic volcanic gas studies 
were not conducted at Kilauea until the early 1980s (see, for example, Gerlach and 
Graeber, 1985; Greenland and others, 1985; Greenland, 1987), gas data corresponding 
to our 1973-1976 time-series data for waters do not exist.
To determine the composition of water in the deeper and hotter parts of the summit 
borehole (see Fig. 3), samples need to be collected more than 30 m below the top of the 
water column. The collection and analysis of deeper samples are essential to extend 
and to test the findings of this study, based only on data for waters at or near the top of 
the water column. Unfortunately, upon completion of the borehole in 1973, the drilling 
mud was not flushed from the hole, ultimately becoming impenetrable to sampling and^ 
other tools. Thus, it will be necessary to clean out the hole before collection of deep 
water samples can be attempted.
To more quantitatively describe and explain the rapid decrease in solute concentration 
during 1975-1976 as well as the slower decline since then, detailed studies field and 
experimental of the rates of leaching, the temperature-pressure-saturation conditions 

governing formation of sublimates and encrustations on fracture surfaces, the effective 

permeability of the host basalt, and other factors pertinent to rock-water interactions 
along the fluid-flow paths. Specifically, because the observed sharp decline in solutes 
during 1975-1976 principally reflects the rapid loss of Na, K, and 864, the kinetics of 
dissolution and precipitation of alkali sulfate salts (e.g., thenardite) need to be better 
determined for the physico-chemical conditions of Kilauea's hydrothermal system. 
To provide regional context for the geothermal systems in Kilauea's east-rift zone, 
some of which are currently being exploited and developed, it is imperative to know the 

fluid-flow patterns for the entire volcano, from its summit to the coast. Because 
Kilauea's summit magma reservoir is the ultimate heat engine and supplier of magma 
intruded into the rift zones, it makes good scientific and perhaps economic and
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environmental sense to refine our knowledge of the magmatic and hydrologic 
connection between the volcano's summit region and its rift zones. Decades of 
systematic study have provided a reasonably good model of Kilauea's magmatic 
"plumbing system" (Tilling and Dvorak, 1993), but its hydrologic plumbing system is 
still incompletely characterized and poorly understood.

Comprehensive hydrogeologic studies at Kilauea have been proposed, but not 
funded, since the late 1960s, but it was not until 1991 that the U.S. Geological Survey was 

able to initiate a modest-scale research effort, in cooperation with the University of Hawaii 
and Los Alamos National Laboratories, to better understand the hydrogeologic framework 
of Kilauea. Work is underway and we anticipate that new insights will be forthcoming 
concerning the nature and workings of the fluid envelope surrounding an active basaltic 
magma system (Moore and Kauahikaua, 1993).
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